Introduction
Cutaneous T-cell lymphoma (CTCL) consists of 2 main subtypes: mycosis fungoides (MF), which primarily affects the skin; and Sézary syndrome (SS), which is characterized by the presence of circulating malignant Sézary cells. Together, MF and SS account for 65% to 80% of CTCL cases. [2] [3] [4] In both conditions, there is accumulation of malignant mature CD4
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1 T cells. Although the etiology of CTCL is not yet clear, accumulating evidence indicates that defects in apoptosis and cell cycle control are critical in disease pathogenesis. [5] [6] [7] [8] However, the molecular events leading to these abnormalities have not been well understood. By transcriptome analysis, we have recently demonstrated that the transcript levels of thymocyte selection-associated high-mobility group (HMG) box gene (TOX) are abnormally increased in early-stage MF skin biopsy specimens but not in the biopsy specimens of benign inflammatory dermatoses (BID) or normal skin. Specific TOX antibodies identified the malignant CD4 1 T cells in the dermis and epidermis of MF, including the Pautrier microabscesses, the pathologic hallmark of MF. 9 This finding was recently confirmed independently by 2 research groups. 10, 11 Emerging evidence has pointed to SS and MF having different cellular origin and expression profiling. 12 It is unknown whether SS also contains ectopic TOX expression.
TOX is a nuclear protein essential for the proper development of thymocytes. Mice deficient in TOX failed to develop CD4 1 T-cell lineage; however, on the newly formed CD4 1 T cells exiting the thymus, TOX is tightly downregulated and remains suppressed in the mature CD4 1 T cells in the skin and blood. [13] [14] [15] Therefore, the observation of TOX expression in MF skin biopsy specimens is highly unusual. Whether TOX contributes to CTCL pathogenesis has not been investigated.
In this study, we systematically examined whether TOX aberrant expression was also present in SS and cultured CTCL cell lines. Further, we performed in vitro and in vivo experiments to define the pathogenic significance of TOX in CTCL oncogenesis. We also explored the possible downstream mediators of TOX in CTCL. We demonstrate that TOX aberrant expression is a feature shared by both SS and MF; that TOX overexpression plays an oncogenic role in vitro and in vivo; and that TOX does so partially through disrupting the transcription of 2 cyclin-dependent kinase (CDK) inhibitors, CDKN1B and CDKN1C. These findings argue that TOX is a novel oncogene for CTCL.
Materials and methods
Human primary cells and established T-cell lymphoma cell lines
The Sézary cells (CD4 1 CD7 2 T cells) from SS patients (see supplemental Human CTCL cell lines Hut78, HH (ATCC no. TIB-161, CRL-2105), and SZ4 (a generous gift from Dr James Herman at Johns Hopkins University) were cultured in full RPMI 1640 containing 10% fetal bovine serum, 100 U/mL of penicillin, 0.1 mg/mL of streptomycin, and 10 24 M b-mercaptoethanol (STEMCELL Technologies, Vancouver, BC, Canada). Transduced-CTCL cells were cultured in the above medium plus puromycin or hygromycin or a combination of both (Invitrogen, Burlington, ON, Canada).
RNA extraction and qRT-PCR
Total RNA was extracted and reverse transcribed; quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was performed and analyzed as described previously. 9, [18] [19] [20] Gene expression levels were expressed as mRNA copies per 1000 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) copies. qRT-PCR primers are listed in supplemental Table 2 .
Activation of CD4
1 T cells
Peripheral blood CD4 1 T cells (STEMCELL Technologies) were activated by phorbol 12-myristate 13-acetate and ionomycin (Sigma-Aldrich, St Louis, MO) as described previously 17, 21, 22 or by mouse anti-human CD3 antibody with or without mouse anti-human CD28 antibody (BD Biosciences, Mississauga, ON, Canada) as described previously. 17, 23 An isotope control antibody (BD Biosciences) was also used to estimate nonspecific binding.
Western blot analysis and antibodies
Protein was extracted, quantified, and assessed by western blot analysis as described previously. 17, 18 Protein lysates were probed with rabbit anti-TOX antibody (Sigma-Aldrich), rabbit anti-p27 (C-19; Santa Cruz Biotechnology, Paso Robles, CA), rabbit anti-p57 (C-20; Santa Cruz Biotechnology), rabbit anticaspase 3 (Cell Signaling Technology), and rabbit anti-caspase 9 (Cell Signaling Technology). Mouse antibody against human actin (Sigma-Aldrich) was included as a loading control.
FACS analysis
Fluorescence-activated cell sorter (FACS) data were collected by a FACSCanto II or a Fortessa cell analyzer (BD Biosciences), and analyzed with FloJo 7.6 software (Tree Star, Ashland, OR). For human peripheral blood, cells in the lymphocyte gate were used for analysis of CD4 and TOX status using rabbit anti-human TOX (phycoerythrin-conjugated, eBioscience, San Diego, CA) and mouse anti-human CD4 (APC-eFluor 780-conjugated, eBioscience).
Immunofluorescence staining
Immunofluorescence staining was performed in cell pellets as previously described. 9 Images were collected under a Zeiss AxioVert 200M inverted fluorescence microscope (Carl Zeiss AG, Jena, Germany), and processed with the Zeiss AxioVision 4.8 image acquisition and processing software (Carl Zeiss AG). Brightness and contrast were adjusted consistently across all images.
Lentivirus generation and gene knockdown pLKO.1 puro vector containing short hairpin (sh)RNA inserts that specifically target human TOX (SHCLNG-XM_376776; Sigma-Aldrich) and a nontargeting shRNA control (SHC002; Sigma-Aldrich) were purchased, whereas shRNA inserts that specifically target human CDKN1B and CDKN1C and a nontargeting shRNA control were cloned into pLKO.1 hygro backbone, a kind gift from Bob Weinberg (Addgene plasmid #24150). The oligonucleotides encoding the shRNAs are included in supplemental Table 2 . The shRNA inserts were verified by Sanger sequencing. Lentiviral particles were generated by transfecting HEK 293T packaging cells using the polyethylenimine method as described previoiusly. 24 After 48 and 72 hours, the virus-containing medium (35 mL per construct) was filtered and concentrated in 200 mL of RPMI 1640 medium. CTCL cells (2 3 10 5 cells in 1 mL of media) were incubated with 5 mL of concentrated lentiviral particles for 24 hours. After another 24 hours, puromycin or hygromycin was added to select transduced populations. TOX, p27, and p57 protein levels were evaluated by western blot analysis 5 to 7 days after puromycin or hygromycin selection. Bulk populations transduced either by control (CTR) or shRNA viruses were used in this study.
Viability assay
For single TOX knockdown experiments, transduced CTCL cells were cultured in 12-well plates (2.5 3 10 5 cells per well) containing 2 mL of full RPMI 1640 medium with puromycin (1 mg/mL). For co-knockdown of TOX and CDKN1B or CDKN1C experiments, transduced CTCL cells were cultured in 12-well plates (1.5 3 10 5 cells per well) containing 2 mL of full RPMI 1640 medium with puromycin (1 mg/mL) and hygromycin (750 mg/mL for Hut78; 200 mg/mL for HH). Cells were incubated at 37°C for 24, 48, 72, and 96 hours. At each time point, 10 mL of cell mixture from each well was used to determine viable cell numbers by the trypan blue exclusion method. Each population was plated in duplicate or triplicate wells, and at least 3 biological replicates were performed for each cell line.
CFC assay
Colony-forming cell (CFC) assays were performed in fetal calf serum-containing methylcellulose cultures (H4230; STEMCELL Technologies) in the presence of 1 mg/mL of puromycin (Invitrogen). Colony counts were performed using standard scoring criteria after 12 to 14 days of incubation. 16, 18 Colony size In each sample, RNA was extracted as described in the "Methods and materials" section. qRT-PCR was performed using primers specific for TOX and GAPDH mRNA. The level of TOX mRNA was normalized to that of GAPDH so that the levels shown represent copies of TOX mRNA per 1000 copies of GAPDH mRNA. T cells correlated with a higher disease-specific mortality. TOX high and TOX low groups were defined by the expression levels higher and lower than 129.9, respectively. AUC, area under the curve.
was determined by cell number per colony (big, .500 cells; medium, 50-500 cells; small, 20-50 cells).
Mouse xenograft models of CTCL
Mice were bred and maintained at the British Columbia Cancer Research Center Animal Facility. All experimental protocols were approved by the University of British Columbia Animal Care Committee. NOD/scid interleukin-2 receptor g-chain-deficient (NSG) mice at 8 weeks of age were injected subcutaneously on both flanks with 1 3 10 6 transduced Hut78 or HH cells (CTR, n 5 6; TOXsh-1, n 5 6; TOXsh-2, n 5 6). Mice were monitored for local tumor formation 3 times a week, and tumor sizes were measured with a glide caliper. Tumor volume was calculated using the formula (length [mm] 3 width [mm]
2 ) 4 2.
25
H&E staining and immunohistochemistry staining
Mouse tissues were fixed in 10% formalin, embedded in paraffin, and stained with hematoxylin and eosin (H&E). For immunohistochemistry staining, mouse tissues were probed with rabbit monoclonal anti-human CD3 antibody (SP7; Spring Bioscience, Pleasanton, CA) and UltraMap anti-rabbit horseradish peroxidase-conjugated secondary antibody (Ventana Medical Systems, Tucson, AZ), following procedures described previously. 26 
Apoptosis assay
Apoptosis assays were performed using an apoptosis detection kit (BD Biosciences) as previously described. 27 Total apoptotic cell numbers were calculated as total annexin V-positive cells.
BrdU incorporation assay
5-Bromo-29-deoxyuridine (BrdU) incorporation assays were performed using an FITC BrdU Flow Kit (BD Biosciences) following the manufacturer's instructions. Transduced Hut78 cells were pulsed with 10 mM BrdU for 45 minutes, whereas transduced HH and SZ4 cells were pulsed for 2 hours.
Statistical analysis
GraphPad Prism 5.00 (San Diego, CA) and X-tile (New Haven, CT) software programs were used for statistical analyses. Continuous variables were compared by 2-tailed Student t tests. The receiver operating characteristic method was used to determine whether TOX mRNA levels could differentiate SS from BID and healthy participants (HPs). Disease-specific mortality was assessed using the Kaplan-Meier curve and log-rank test. We determined the optimal cutpoint (lowest P value) of TOX mRNA expression levels as 129.9 using the X-tile software. 28 In our analysis, TOX high and TOX low groups were defined by the expression levels higher and lower than 129.9, respectively. P values ,.05 were considered statistically significant. Figure 1A ). Among the 12 SS samples, SS with T-cell receptor (TCR) clonality (n 5 7) possessed more TOX mRNA (489.3 6 138.7), compared to SS without TCR clonality (n 5 5; 172.5 6 51.87; P 5 .070; Figure 1B ).
Enhanced transcript levels of TOX correlate with increased risk of disease-specific mortality in SS
We next examined whether TOX levels could differentiate SS from non-SS using the receiver operating characteristic curve, and whether TOX levels correlated with patient survival using a Kaplan-Meier plot and log-rank test. Increased TOX mRNA levels had an area-under-thecurve value of 0.824 (P 5 .001), indicating that TOX could be useful in improving the diagnosis of SS ( Figure 1C ). Furthermore, a strong correlation was found between higher TOX mRNA levels and increased SS-related death (P 5 .039; log-rank test hazard ratio, 5.68; Figure 1D ). SS patients with higher TOX mRNA levels (n 5 6; .129.9) had a much shorter median survival time (27 months) than that of SS with TOX mRNA levels lower than 129.9 (n 5 6; 120 months).
T-cell activation suppresses TOX expression in normal mature CD4 1 T cells but not in CTCL cells TOX is highly induced by pre-TCR activation in thymocyte precursors. 13 In addition, lymphocyte activation is involved in the pathogenesis of CTCL. 29 We therefore asked whether the observed TOX increase was due to continuous cellular activation in normal CD4
1 T cells.
T-cell activation by 25 ng/mL of phorbol 12-myristate 13-acetate and 50 ng/mL of ionomycin, or by anti-human CD3 antibody (6 anti-human CD28 antibody) decreased TOX levels by twofold to 13-fold (P , .05; supplemental Figure 1A ) in normal CD4 1 T cells. However, this effect was impaired in Hut78 cells and absent in HH and SZ4 cells (supplemental Figure 1B) .
TOX protein is overexpressed in primary Sézary cells and in multiple CTCL cell lines
In addition to transcript level, TOX protein levels were also highly increased in primary Sézary cells from an SS patient (SS-5) and in 4 CTCL cell lines (Hut78, HH, Hut102, and SZ4), as compared to CD4 1 cells from BID patients or HPs by western blot analysis (Figure 2A ). This finding demonstrated that highly deregulated expression of TOX was found not only in MF skin biopsy specimens as we previously reported 9 but also in Sézary cells. Of note, Hut102, derived from MF (early CTCL), expressed much lower TOX protein compared to the more advanced CTCL cell lines (Figure 2A) , derived from either SS (Hut78, SZ4) or non-MF/SS aggressive CTCL (HH), suggesting that overexpressed TOX may contribute to the disease progression. We further confirmed the TOX protein overexpression by FACS analysis. Compared to normal CD4 1 lymphocytes (TOX level similar to negative control), CD4 1 lymphocytes from an SS patient (SS-12) and Hut78, HH, and SZ4 cells expressed much higher levels of TOX protein ( Figure 2B) . Similarly, immunofluorescence staining in 3 CTCL cell lines showed strong nuclear staining of TOX, whereas none was detected in normal CD4 1 T cells ( Figure 2C ).
Stable knockdown of TOX inhibits growth of CTCL cells in vitro
To investigate whether knockdown of TOX expression would affect cell growth of CTCL cells, 3 CTCL cells lines (Hut78, HH, and SZ4) were transduced with lentiviruses containing either a nontargeting control sequence (CTR) or each of 2 shRNA sequences against human TOX. Knockdown of TOX (.90%) by 2 shRNA constructs (sh-1 and sh-2) was confirmed in all 3 CTCL cell lines by western blot analysis ( Figure 3A ). Stable suppression of TOX resulted in significant reduced cell growth in all 3 cell lines compared to control cells (approximately twofold to fourfold; P , .001; Figure 3B ). Similarly, TOX suppression resulted in marked reduction in CFC output in all 3 cell lines. In addition to reduction in colony numbers, the colonies generated by TOX-sh cells were much smaller and more dispersed than those generated by the control cells ( Figure 3C ). For personal use only. on November 13, 2017. by guest www.bloodjournal.org From T cells (Figure 4Biv ). These findings indicate that stable suppression of TOX expression profoundly impairs the transforming ability of CTCL cells in vivo.
TOX suppression induces apoptosis and caspase activation in CTCL cells
To elucidate the mechanisms through which TOX silencing exerts its antiproliferative effect, we assessed whether the apoptosis machinery was affected. With TOX knockdown, transduced CTCL cells had increased apoptotic cells, demonstrated by annexin V positivity ( Figure 5A-B) . On the molecular level, TOX knockdown led to activation of caspase 9 and caspase 3, which are involved in apoptosis initiation and execution ( Figure 5C ). The activation was more obvious in HH and SZ4 cells, consistent with the more dramatic apoptosis sensitization phenotype.
TOX suppression arrests cell cycle and restores key cell cycle inhibitors in CTCL cells
We next assessed cell cycle progression, another key process governing cellular growth. Blocking of TOX markedly affected cell cycle control at both G1-S and S-G2M transitions in all 3 cell lines ( Figure 6A-B) . In light of this observation, we asked how TOX silencing affected the cell cycle regulatory machinery by evaluating the expression changes of several critical cell cycle regulators, including CDK2, CDK4, CDKN1A, CDKN1B, and CNKN1C. TOX suppression increased the expression of CDKN1B and CDKN1C in all 3 cell lines ( Figure 6C ) without consistently changing the levels of CDK2, CDK4, and CDKN1A (data not shown). This finding was confirmed by western blot analysis, which showed that p27 protein (encoded by CDKN1B) and p57 protein (encoded by CDKN1C) were also upregulated after TOX knockdown ( Figure 6D ).
P27 and p57 mediate the growth inhibitory effect of TOX suppression
To examine whether the enhanced p27 and p57 proteins are responsible for the growth arrest in CTCL cells on TOX suppression, we performed additional stable knockdown of CDKN1B and CDKN1C in the TOXsuppressed CTCL cells. Due to the cytotoxicity of a second virus infection in SZ4 TOX-sh cells, which was rapidly fatal, we were only able to obtain double knockdown in Hut78 and HH cells. Nevertheless, stable knockdown of either CDKN1B or CDKN1C in Hut78 TOX-sh and HH TOX-sh cells ( Figure 7A-B) effectively reversed the proliferation suppression by TOX knockdown (Figure 7C-D) . These results indicate that p27 and p57 are responsible, at least in part, for the growth inhibitory effect of TOX suppression in CTCL cells.
Discussion
TOX is a member of the evolutionarily conserved HMG box family and a key regulatory nuclear protein in the development of CD4 1 T cells, natural killer cells, and lymphoid tissue inducer cells. [13] [14] [15] 30, 31 The roles of TOX in immune system development are relatively wellcharacterized since its discovery 13 ; however, its role in human cancer has not been reported. On the basis of our findings, TOX has emerged as a key player, when expressed ectopically, in driving malignant cell transformation in CTCL.
The molecular pathogenesis of SS has been a topic of active investigation in the last decade. However, the molecular nature of SS cells has only started to be understood. Aberrations in signal transducers and transcription factors have been reported in SS studies, such as Jun B, JunD, TGFBR2, STAT3, STAT4, CDKN1C, CTLA-4, GATA3, AHI-1, SATB1, PDCD10, and NOTCH1. 4, 16, 17, [32] [33] [34] [35] [36] Several of these dysregulated genes (TGFBR2, GATA3, STAT3, SATB1, and NOTCH1) are involved in the signal cascades governing T-cell development. [37] [38] [39] [40] [41] Our recent observation of aberrant TOX upregulation in MF, subsequently confirmed by McGirt et al, 10 prompted us to ask whether TOX is also upregulated in SS, the advanced CTCL, and whether TOX contributes to the development of CTCL.
Not surprisingly, TOX was also highly expressed on mRNA and protein levels in primary Sézary cells, as well as in several patientderived CTCL cell lines. Although TOX is rapidly induced by TCR signaling in the developing thymocytes, 13 we observed a drastic reduction of TOX expression in normal mature CD4
1 T cells; therefore, it is unlikely that the aberrant TOX expression in CTCL was due to continuous TCR activation. Furthermore, we detected higher TOX levels in Sézary cells with positive TCR clonality compared to those without TCR clonality. Because TCR clonality, when present, is closely correlated with worse clinical outcome of SS patients, 42, 43 we wondered whether TOX transcript levels are linked to disease outcome. Indeed, higher TOX expression levels in SS patients correlated with increased risk of SS-related death, in line with our previous report in a cohort of MF patients (n 5 59), which found that high TOX mRNA levels correlated with increased risks of disease progression and disease-specific mortality. 44 Together, these findings pointed to the possibility that TOX contributed to the development of CTCL.
This possibility was tested and confirmed in the current study using cultured CTCL cells and xenograft mouse models. In 3 CTCL cell lines, TOX suppression by lentivirus-mediated shRNA gene silencing markedly normalized the CTCL cells' resistance to apoptosis and abnormal cell cycle progression, the 2 best-characterized features of CTCL cells. [5] [6] [7] [8] In agreement with in vitro data, subcutaneous injection of CTCL cells into NSG mice confirmed this proliferative disadvantage, in that the ability of TOX-suppressed CTCL cells to induce local tumors was significantly impaired or even abolished. In aggregate, these findings demonstrate the biological importance of sustained TOX activation to the leukemic activities of CTCL cells.
We next explored the mechanism underlying the transforming properties of TOX by identifying its downstream molecular partners. The dramatic cell cycle arrest phenotype led us to examine how the cell cycle control machinery was affected by TOX suppression. We found that 2 key cell cycle regulators, CDKN1B and CDKN1C, were increased on TOX suppression. We further confirmed that p27 protein (encoded by CDKN1B) and p57 protein (encoded by CDKN1C) were also increased in TOX-suppressed cells.
CDKN1B and CDKN1C were frequently lost in many lymphoid malignancies, including SS. 18, 45, 46 Moreover, a recent study reported that CDKN1C deficiency was associated with poor outcome in CTCL patients. 47 Intriguingly, in addition to their role in cell cycle control, a dual role in apoptosis has been documented for both p27 and p57. [48] [49] [50] [51] Therefore, they appear to be promising mediators of the dual effects of TOX on apoptosis and cell cycling. Indeed, additional stable knockdown of CDKN1B or CDKN1C increased growth of CTCL cells in the face of loss of TOX, thus reversing the effect of TOX knockdown. These data suggest that the leukemic activities of TOX in CTCL, at least in part, rely on repressing the transcription of CDKN1B and CDKN1C. Given that silencing of either gene was not able to fully restore uncontrolled cell growth, it is likely that additional partners are involved in mediating the functions of TOX.
CDKN1B transcription can be activated by the binding of several transcription factors, although the changes of CDKN1B are largely regulated posttranslationally. 52 CDKN1C is an imprinted gene rich in and CDKN1C transcript levels in TOX-sh and CTR. qRT-PCR was performed using primers specific for CDKN1B, CDKN1C, and GAPDH mRNA. The level of CDKN1B and CDKN1C mRNA was normalized to that of GAPDH and is depicted as the fold change compared to CTR cells. *P , .05, **P , .01, and ***P , .001 by 2-tailed Student t test with Welch correction. Error bars indicate standard error of the mean. Data depicted are representative of at least 3 independent experiments. (D) p27 and p57 protein levels in TOX-sh and CTR cells.
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For personal use only. on November 13, 2017. by guest www.bloodjournal.org From CpG islands near its putative transcription start site. Its transcription is under the control of numerous pathways, with epigenetic control and microRNA regulation being the best characterized. [53] [54] [55] [56] [57] Several mechanisms are possible as to how TOX regulates CDKN1B and CDKN1C, including direct binding to their promoters or modulating local chromatin structure and formation of multiprotein complexes, a mechanism generally employed by HMG box proteins. 13 Further experiments in the future may help clarify the precise mechanism of how TOX regulates p27 and p57.
In conclusion, we provide strong evidence that TOX is highly expressed in SS and exerts transforming activities in CTCL. On TOX silencing, growth of CTCL cells was markedly slowed or halted in vitro and in vivo because of cell cycle arrest and apoptosis sensitization. This effect is partially mediated by 2 key CDK inhibitors, CDKN1B and CDKN1C. Correction of TOX, CDKN1B/CDKN1C, or both may therefore be an appropriate therapeutic approach to harness the uncontrolled tumor growth. 
